Macroscopic quantum states such as superconductors, Bose-Einstein condensates and superfluids are some of the most unusual states in nature. In this project, we proposed to design a semiconductor system with a 2D layer of electrons separated from a 2D layer of holes by a narrow (but high) barrier. Under certain conditions, the electrons would pair with the nearby holes and form excitons. At low temperature, these excitons could condense to a macroscopic quantum state either through a Bose-Einstein condensation (for weak exciton interactions) or a BCS transition to a superconductor (for strong exciton interactions). While the theoretical predictions have been around since the 1960's, experimental realization of electron-hole bilayer systems has been extremely difficult due to technical challenges. We identified four characteristics that if successfully incorporated into a device would give the best chances for excitonic condensation to be observed. These characteristics are closely spaced layers, low disorder, low density, and independent contacts to allow transport measurements. We demonstrated each of these characteristics separately, and then incorporated all of them into a single electron-hole bilayer device.
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The key to the sample design is using undoped GaAs/AlGaAs heterostructures processed in a field-effect transistor geometry. In such samples, the density of single 2D layers of electrons could be varied from an extremely low value of 2×10 9 cm -2 to high values of 3×10 11 cm -2 . The extreme low values of density that we achieved in single layer 2D electrons allowed us to make important contributions to the problem of the metal insulator transition in two dimensions, while at the same time provided a critical base for understanding low density 2D systems to be used in the electron-hole bilayer experiments. In this report, we describe the processing advances to fabricate single and double layer undoped samples, the low density results on single layers, and evidence for gateable undoped bilayers. 
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Accomplishments
Excitonic condensation of electron-hole systems has been sought after for over 20 years now. During this time, many different material systems have been considered and studied as a base system for creating the electron-hole system. Examples include excitons at CuO 2 surfaces, polaritons, optically generated electrons and holes in quantum wells and various III-V semiconductor systems. Problems include short lifetimes leading to non-equilibrium and thermal issues, tunneling between layers preventing condensation, and lack of clear experimental techniques to fully exhibit the underlying physics. Clearly this is an extraordinarily difficult problem. Our approach to fabricating electron-hole bilayers has been to use a well known and well understood platform for making 2D systems (GaAs heterostructures), and engineering the appropriate conditions to best observed exciton condensation. These conditions are 1) closely spaced electron and hole layers to maximize the exciton binding energy, 2) low density to enhance interlayer interactions, and 3) high mobility to reduce the effect of disorder and allow the macroscopic quantum state to form.
To meet these conditions, we utilize processing techniques where 2D systems can be fieldinduced in undoped GaAs/AlGaAs heterostructures. While the FET geometry is common in Si semiconductor devices, GaAs devices are typically doped with Si, Be or C and contact is made by annealing metallic alloys to contact the as-grown carrier systems. The drawback to these doping techniques is that utilizing p-type doping and maintaining high mobility has been a major materials problem. By using undoped material, carriers can be drawn from locally doped regions (i.e. the contacts) with voltages applied to metallic gates. The depending on the polarity of the gate voltage and the type of ohmic contact (n or p), either electrons or holes are possible. The processing technique for forming the contact-gate region usually used for this procedure is called "self-aligned contacts", and was developed by Bruce Kane at Bell Labs in the early 1990's. We have made significant advances to improving the reliability and reproducibility of single 2D layers fabricated with this technique. We have also demonstrated the first completely undoped electron-electron bilayer using a combination of self-aligned contacts and flip-chip thinning (EBASE, developed by Jerry Simmons at Sandia in the mid-1990s). In the first section, the basic processing and all of our advances are described.
Single layer and bilayer devices made using the undoped GaAs heterostructures can be gated to extremely low density. Low density 2D systems are of much interest to the community, both for applied and fundamental reasons. Our basic understanding of transport in 2D has been in question due to the observation of a 2D metal-insulator transition, and the ultra-low density 2D electrons and holes made for this project have significantly impacted this field. On the applied side, grating-gated bilayers biased near depletion can detect terahertz radiation. Understanding the role of density and optimizing THz detector characteristics is one focus of a new 2005 LDRD project at Sandia. In the second and third section of this report, we document experiments that report the electrical characteristic of single layers at very low density (second section) and evidence for undoped electron bilayers (third section).
Finally, in the last section we discuss on-going efforts to fabricate electron-hole bilayers using undoped material, recent experiments on excitonic condensation, and prospects for the novel techniques that have been developed in this LDRD.
Undoped heterostructure fabrication
Develop techniques for reliable fabrication of single 2D layers in undoped heterostructures. Over the course of this project, we have made a number of improvements to the processing of single-layer undoped heterostructures with the goal of increasing the device performance and yield. Reliable techniques for single layer devices are especially important when the more complex bilayer devices are fabricated. The basic operation of the of the undoped GaAs heterostructure is shown in Figure 1 . The contact regions form local reservoirs of carriers. When a gate is placed nearby, a voltage on the gate creates a fringing electric field with the contacts, and draws carriers into the channel. Once the 2D system is formed, the density is proportional to the gate voltage. For electrons the n-type ohmics are NiGeAuNiAu, and a positive voltage induces the 2D electron gas (2DEG). For holes, the ohmic metal is AuBe and a negative voltage is required. Processing is critical in these devices, and there are a number of common failures. First, the gate (an n+ cap on the structure) must be contacted with a shallow contact. If the gate contact anneals too deep it shorts to the 2DEG; some materials that do not penetrate deep in the sample lead to high resistance contacts (e.g. CrAu). The second common problem is the contact is too close to the gate and the ohmic contact shorts. This often occurs randomly with AuNiGe since it has a bumpy morphology after annealing. A few contacts that short can often be scratched off of the sample. The third problem (and the one we faced most frequently) is that the ohmic contact is too far from the gate. In the mild case, the 2DEG forms but with very high contact resistance. In the severe case, no 2DEG forms at all.
The most straightforward advance we made to processing samples was to change the gate contact metal. Previously unalloyed AlCr was used to contact the n+ layer. The advantage of a such a contact is that the gate and the 2D system cannot be shorted during the anneal process. The drawback is the large contact resistance and frequently failure to contact the n+ at all. We have replaced the AlCr with an alloy of PdGeAu. This new alloy can be annealed at low temperature, has a very low contact resistance, does not short to the 2D layer and always works.
During this project, most of the struggles occurred in finding the optimal method for creating the self-aligned ohmic contact. We found several solutions to putting the contacts where we wanted, and unfortunately, every new wafer design we tested required a custom process for making selfaligned ohmic contacts. The most important step was to find a way to move the ohmic metal closer to the gate, but not so close that electrical connection between the gate and the contact is established. In all cases, the contact location was etched before the ohmic metal was deposited. This etched pit served to displace the ohmic both laterally and vertically. Two techniques were developed to accomplish the lateral control required. The first is evaporating the contact at an angle shown schematically in Figure 2 in order to move the contact closer to the gate beyond the photoresist overhang. Obviously, the deposition must be the same all around the sample, so the actual process is to evaporate the NiGeAu alloy at an angle while rotating the sample to maintain uniformity. This process results in lower contact resistances, and more importantly, provides a mechanism to tune distance from the contact to the gate by changing the angle of evaporation. For samples 600 nm below the surface, this technique make contacts with very low resistance, but the yield is low. For samples with the 2DEG 200 nm below the surface, this technique is very reliable. A second method to control the lateral displacement from the contact to the gate is to use a combination of anisotropic and isotropic etching before ohmic metal deposition. The first etch is an anistropic etch with vertical sidewalls. This creates depth without moving the contact too far away. The second etch is a wet etch that both etches laterally and vertically. Varying the ratio allows any combination of total depth and lateral displacement. A cross-section scanning electron microscope image of a sample etched in this manner is shown in Figure 3 . This technique make both low resistance contacts with a high yield (near 80% for 2DEGs 600 nm below the surface). Fabricate both n-type and p-type single layers. Using undoped heterostructures grown at Sandia, we have achieved single 2D layers of electrons and holes with high mobility. For the ntype sample, the density can be adjusted over a range of more than an order of magnitude with a lower limit of 5×10 9 cm -2 . The mobility, shown in Figure 4 , is high throughout the entire density range, with a peak mobility of close to 3 million. Similar results have been found for 2D holes The low electron and hole densities and corresponding high mobilities made possible by this technique are critical for bilayer experiments. In material supplied by L. N. Pfeiffer at Lucent Technologies, Bell Laboratories, the peak mobility can reach 1.4×10 7 cm 2 /Vs. Resistance anisotropy. Our initial resistivity measurements on 2D electron systems at low density n<10 10 cm -2 indicated the presence of a puzzling in-plane resistance anisotropy. In Figure 5a , the 4-wire resistance using contacts at the corners of a 1mm × 1mm square mesa are shown as a function of density. The two curves represent contact configurations such that the current flow vertically (dashed) and horizontally (solid). For an isotropic resistivity in a square geometry, we expect these resistances to be identical. In all of the initial samples fabricated a large anisotropy (up to 30 to 1) was always observed at low density. A systematic study of a number of samples found no correlation between the anisotropy direction and the in-plane crystal directions, as might be expected of an intrinsic anisotropic electron state (such as charge density waves in high Landau levels 1 ). We did find, however, that for all of the samples examined, the anisotropy was always related to the position of the polyimide bridges located on the surface of the sample. These bridges are shown in the left diagram of Figure 6 . This strongly suggests that the anisotropy is an extrinsic effect caused by surface features. Figure 5 . In (a), the first generation of low density devices exhibited an apparent resistance anisotropy. The diagrams indicate current flow. In (b), the new device geometry has a more uniform current flow.
Our speculation is that the polyimide bridges or the gate contacts (CrAl or PdGeAu) locally alter the GaAs heterostructure and slightly lower the density in their vicinity. One possible mechanism is strain. If this occurs, the geometry is no longer square, as indicated in the cartoons in Figure 5a . For current flowing vertically, the current is pushed to the center of the sample and the voltage drop at the opposite corners (A,B) is higher (larger resistance). For current flowing horizontally, the current stay near the edge of the sample, and the other corners (C,D) have a small voltage drop. This effect will be most dramatic when the density is low, since a slight density variation a large change to the geometry. With this hypothesis, we redesigned the device geometry to form the gate contact in a location physically removed from the square region where the resistivity measurements are made ( Figure 6 , right diagram). The transport results in the new geometry are shown in Fig. 5b . For samples fabricated with the new design, the resistances are much closer. Undoped bilayers. In order to extend the fabrication techniques to undoped bilayer systems, the self-aligned contacts on the surface of the sample must be integrated with the EBASE (epoxy bond and stop etch) technique and back-side processing. With the same processing techniques, electron-electron, hole-hole and electron-hole bilayers can be fabricated. The electron-electron and hole-hole bilayers are relatively straightforward to test. All that is required are top and bottom gate voltages to induce carriers. Transport characterization of an electron-electron bilayer are presented in the third section. Electron-hole bilayers are more complicated, and require an interlayer voltage of approximately the band gap voltage (1.5 volts for GaAs) in addition to top and bottom gate voltages. Our plan for the undoped bilayer allow separate electrical contact to both layers and individual control of the density in each layer. Results from undoped bilayers are presented in the third section of this report.
Low density 2D systems: metallic and insulating properties
In this section, three experimental results on single layer 2D electron systems are presented. First, the density dependence of the resistivity is discussed. These results show that the apparent metallic behavior (drop in resistivity as the temperature is lowered) is a consistent with ionized impurity scattering. Second, weak localization is observed as a negative magnetoresistance feature near zero field. The characteristic log(T) increase in resistance is overwhelmed by ionize impurity scattering effects. Separating the various magnetoresistance contributions to isolate weak localization in this regime is difficult. Finally, the lowest density results are analyzed with density inhomogeneity in mind. A percolation scaling form fits the conductivity very well for both high and low mobility 2DEGs. Figure 7 show the temperature dependence of the resistivity for an undoped single layer heterojunction. The high density data is characterized by a decreasing resistivity (ρ) as the temperature (T) decreases. In the inset, the inverse mobility (µ −1 =n e ρ, where µ is the mobility and n is the density) is linear with T with a slope independent of density; this result is in quantitative agreement with acoustic phonon scattering. Over a wide range of intermediate densities a local maximum is observed at low temperature. In this regime, ionized impurity scattering leads to a competition between screening (ρ ~ T) for T<T F and degenerate to non-degenerate Fermi statistics (ρ ~ T -1 ) for T>T F and causes the formation of the peak. Scattering calculations including phonons and ionized impurities are in excellent qualitative agreement with the data for the intermediate densities. The lowest densities exhibit insulating behavior. The power-law temperature dependence observed here is not consistent with either weak or strong localization, and remains an open question.
Density dependence of the resistivity. The data in
This combination of detailed transport measurements and comparison to scattering theory is an important contribution to the 2D metal-insulator transition (MIT) community. Within the standard framework of Fermi liquid theory, a 2D metal-insulator transition is not expected. At low enough temperature, all 2D systems are expected to be insulating. Experimental observations of a metallic regime (decreasing ρ with decreasing T) suggest the possible formation of a novel metallic state. Our work on high mobility 2D electrons shows that the underlying physics is Fermi liquid physics and not a new many-body effect. Weak localization phenomena. To observe superconductivity in electron-hole bilayers, interlayer Coulomb correlations must be strong. One way to achieve this is to use low sheet densities, but now so low that the 2D layers become insulating. Due to the unusual insulating behavior mentioned above, we initiated a study of the transport characteristics of a moderate mobility 2D electron system. The low-field magnetoresistance for a 20 µm wide hallbar is shown in Figure 8 . For each density and temperature, a clear parabolic background is observed. In addition, a second peak 2 can be discerned in the high density ( Figure 8a ) and low density data (Figure 8c ). The parabolic background is due to an electron-electron interaction correction to the conductivity. The temperature independent peak at high density is due to boundary scattering of quasi-ballistic electrons off of the 20 µm wide mesa edges and can be observed for T < 5 K. This effect is only present in high mobility samples where the mean free path of the electron is very long, and the strong signature observed here attests to the high quality of the semiconductor material. The more fragile peak observed at 0.28 K for the low density data (Figure 8c , solid line) has a much different origin. Time-reversed scattering paths have a finite probability of destructive interference, leading to a slightly increased resistivity. This quantum correction to the resistivity is the so-called weak localization effect. The characteristic shape of the weak localization peak (inset, Figure 8c ) can be used to extract the electron wavefunction's phase coherent lifetime. This information will be a useful tool for future experiments on electron-hole bilayers where the predicted superconductivity will arise from phase coherent electron-hole pairs. Other than the weak localization correction, the overall resistivity is decreasing as the temperature decreases. The log(T) insulating behavior characteristic of weak localization is not observed in this sample due to the strong ionized impurity scattering temperature dependences. 
Percolation in ultra-low density 2D electrons.
While ionized impurity scattering and weak localization concepts capture the qualitative behavior of the temperature dependence of the resistivity, a complete understanding of the lowest density requires percolation concepts. The basic picture of the percolation transition for 2D MIT is simple and highly physically motivated ( Figure 9 ). As the carrier density n is lowered in a 2D system, screening becomes progressively weaker and strongly nonlinear. A small decrease in n leads to a large decrease in screening, and eventually to a highly inhomogeneous 2D system as the electron gas becomes unable to screen the disorder potential. This gives rise to a random ``hill-and-valley'' potential landscape with the 2D carriers repelled from the potential hills and accumulating at the potential valleys. Once these ``depletion zones'', associated with the disorder potential hills are numerous enough to prevent conducting paths (Figure 9a ) that span the 2D system, an effective 2D MIT transition takes place with the system being an effective metal (insulator) for n>(<)n c where n c is the critical percolation density. This percolation picture is particularly germane to 2D semiconductor systems because the disorder potential here arises from the presence of random charged impurities in the system making electronic screening a key ingredient in the effective disorder seen by the carrier system. Figure 9 . Diagram of inhomogeneous electron density for (a) n < n c , (b) n ~ n c and (c) n > n c . The black regions represent high electron density, and the white regions have no electrons. Percolation occurs when a finite density electron path spans the 2D system. The experimentally measured conductivity σ(n) is shown in Figure 10 for two samples. Both samples are undoped 2D heterojunctions, with sample A having a higher mobility than sample B.
We first discuss a few salient qualitative features of the density dependent transport properties of our results. At high densities (n > 10 10 cm -2 ), the conductivity depends on the density approximately as σ ~ n α with α 1.6. This high density behavior is completely consistent with Boltzmann theory based calculations assuming the conductivity being limited by linearly screened charged impurity scattering. As the density decreases, the power α increases rapidly at low density. Although a part of this strong density dependence of α(n) at low density can be understood as arising from the strong suppression in screening at low carrier densities, we find that screening in a homogeneous electron gas fails qualitatively in explaining the σ(n) behavior at low densities.
In Figure 10 , we fit our measured conductivity σ(n) to the expected 3 percolation "critical" behavior where δ is the conductivity percolation exponent characterizing the vanishing of the conductivity. Fitting the conductivity to Eq. (1) is performed for a range of the low density data. For sample A the data used in the fit is 1×10
9 cm -2 , although the results do not depend sensitively on the exact range of data used in the fit. For Sample B, the `goodness' of the fit is more strongly dependent on the range of data used for fitting. For the data shown, the lowest density point is excluded from the fit, and the fitting range is 5×10 9 < n < 8\10 
Undoped electron-electron bilayers
Extending the processing techniques to fabricate completely undoped bilayers has been a significant challenge. The scheme that we choose to use is illustrated in Figure 11 . Figure 11 . Cross sectional diagram of undoped bilayer structure. The top layer uses the self-aligned contact method described for the single layer undoped samples. The electric field for the back layer is also applied with an external gate, but the back gate is separated from the ohmic by both substract and SiN insulator. The regions where the gates overlap force the top and bottom layer into close proximity.
The GaAs/AlGaAs heterostructure consists of the following layers (from the top) 6 nm of n+ (top gate), 60 nm AlGaAs (x=0.3), 18 nm GaAs (top layer) 10 nm AlGaAs (x=0.55, barrier), 18 nm GaAs (bottom quantum well), 20 nm AlGaAs, and finally a cleaning superlattice and stopetch layers near the substrate. First the top side of the undoped bilayer is processed using the same self-aligned contact procedure described above for the single layer undoped samples. Also on the top side are ohmic contacts for the back layer. After rapid thermal annealing, the contacts are ready for use. The sample is glued upside-down to a host substrate, and thinned using the EBASE (epoxy bond and stop etch) procedure developed at Sandia. 4 On the back side, an insulating layer is deposited, and then a gate that overlaps only the back contacts and the central interaction region. In the completed device, the top gate controls the density of the top layer, and the back gate controls the density of the back layer. Furthermore, we expect independent contacts.
The polarity of the carriers will depend on the material chosen for the ohmic contacts. If AuNiGe, then a positive gate voltage leads to electrons in the quantum well. If AuBe, then a negative gate voltage leads to holes in the quantum well. For a device with separate contacts, we can fabricate electron-electron, hole-hole or electron-hole bilayers.
The first attempt at fabricating this structure actually used a slightly modified version of the device shown in Figure 11 with n-type contacts. All of the contacts were self-aligned to the top gate, and the back gate overlapped all of the contacts. While the gates still controlled the top and back layers (respectively), no independent contacts are formed; i.e. each contact can be connected to both the top and the bottom layer. Magnetoresistance measurements are shown in Figure 13 for a fixed back gate voltage of 0.3 volts for several values of the top gate voltage. When the top gate voltage is 0, only the lower quantum well is populated with electrons. The minima in Figure 12a are periodic in 1/B, as expected for a single 2D system. In Figure 12b , the uniform 1/B oscillations are no longer obvious; here 2D systems of different density are present for both the top and bottom layers. A Fourier transform of the resistivity as a function of 1/B will yield the density of the two layers. Finally, in Figure 12c , the two layers have approximately equal density, and the uniform 1/B oscillations are recovered. The density of both layers for the situation discussed above is summarized in Figure 13 . The back gate voltage is fixed at 0.3 volts while the top gate voltage is varied, and the density is determined using Fourier transforms of the magnetoresistance. Initially, only the back 2D system is populated. As the top gate voltage is increased, we first measure the a top layer density above 0.05 volts, and higher voltages lead to a linear increase in the density of the top layer. The linear increase in density is the expected behavior as the gate and 2D system form a simple parallel plate capacitor. The density of the back layer has a small decrease as the top gate voltage is increased. One might initially guess that the back density would not change for a fixed back gate voltage. One the other hand, the density does depend on both the bandstructure and the compressibility of the top layer. Both of these effects are density dependent. The observed decrease in the density is not unreasonable. The magnetoresistance and density data show clear evidence that undoped bilayers function as advertised. This is the first ever demonstration of FET induced electrons on both the top and bottom layer in a bilayer structure. Extension of these techniques to include separate contacts and electron-hole bilayers should be straightforward.
Prospects for electron-hole bilayers and exciton condensation
With the demonstration that undoped bilayers can be fabricated and measured, we are very close to making and measuring electron-hole bilayers. Two changes are necessary: first modify the masks to allow for separate contacts as shown in Figure 12 , and second to change one contact to p-type. These fairly straightforward processing changes are being tested as of the end of 2004, and should be successful. Once fabricated, transport in the electron-hole system will be tested for indications of exciton condensation and the resulting superconducting state.
Recent developments electron-electron and hole-hole bilayers at high magnetic field strongly suggest that exciton condensation physics in GaAs bilayers is present. In these studies 5 , Coulomb drag and counterflow (oppositely directed currents in the upper and lower layer) are used to probe the novel quantum Hall state that is present when the lowest Landau layer is halffilled in each layer. This state can be describe both as quantum Hall ferromagnet or as exciton condensation of effective electron-hole quasiparticles. While the origin of this underlying state is due to many-body interactions between the layers, the description in terms of exciton condensation mimics that of electron-hole bilayers at zero magnetic field. These experiments indicate a high likelihood of observing exciton condensation at zero magnetic field for electronhole bilayers. Of course, in the undoped electron-hole bilayer, many details will differ, but the realization of an electron-hole condensate as a platform for future experiments is a real possibility in the near future.
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